Baculovirus is an emerging gene delivery vector, thanks to a number of unique advantages. Herein, we genetically modified the rabbit articular chondrocytes with a recombinant baculovirus (Bac-CB) encoding bone morphogenetic protein-2 (BMP-2), which conferred high level BMP-2 expression and triggered the re-differentiation of dedifferentiated third passage (P3) chondrocytes in the monolayer culture. The transduced and mock-transduced P3 cells were seeded into porous scaffolds and cultured in either the dishes or the rotating-shaft bioreactor (RSB), a novel bioreactor imparting a dynamic, two-phase culture environment. Neither mocktransduced constructs in the RSB culture nor the Bac-CBtransduced constructs in the static culture grew into uniform cartilaginous tissues. Only the Bac-CB-transduced constructs cultured in the RSB for 3 weeks resulted in cartilaginous tissues with hyaline appearance, uniform cell distribution, cartilage-specific gene expression and considerably enhanced cartilage-specific extracellular matrix deposition, as determined by histological staining, reverse transcription-PCR analyses and biochemical assays. This is the first study demonstrating that combination of baculovirusmediated growth factor expression and RSB culture synergistically enhanced in vitro creation of cartilaginous tissues from dedifferentiated chondrocytes. Since baculovirus transduction is generally considered safe, this approach represents a viable alternative to stimulate the formation of engineered cartilage in a more cost-effective way than the growth factor supplementation.
Introduction
Articular cartilage comprises chondrocytes and the extracellular matrix (ECM). Upon the occurrence of trauma or joint diseases, however, the aneural and avascular nature of articular cartilage limits its ability to self-repair. To ameliorate the cartilage repair, cell therapy and gene transfer have converged in recent years, by which therapeutic genes can be introduced by in vivo gene delivery. Alternatively, cartilage repair can be augmented via ex vivo gene transfer into freshly isolated cells and subsequent cell implantation (for review see Trippel et al., 1 Gelse and Schneider, 2 Cucchiarini and Madry, 3 Lieberman et al., 4 Saraf and Mikos 5 ), by which the expressed gene products can promote tissue regeneration in vivo. The genes may be delivered with retrovirus, lentivirus, adenovirus, adeno-associated virus, herpes simplex virus or other nonviral vectors. 3, 6, 7 Besides the aforementioned vectors, baculovirus, a DNA virus that infects insects as its natural host, has emerged as a novel vector for in vitro and in vivo gene delivery. Despite the expanding applications that include the development of cell-based assays, delivery of small interfering RNA, surface display of eukaryotic proteins, study of gene functions (for review, see Kost et al., 8 Hu 9, 10 ) and even delivery of vaccine immunogens 11 or cancer therapy, 12 the applications of baculovirusmediated gene delivery in cartilage repair or tissue engineering are yet to be reported. In this regard, we have demonstrated efficient baculovirus transduction of rat articular chondrocytes (efficiency up to 88%) and degradation of baculoviral DNA in the chondrocytes, 13 thus implicating the potential of baculovirus for cartilage engineering.
Meanwhile, cartilage defects may be repaired by surgical implantation of the engineered cartilage. In one of the most typical approaches to creating tissue engineered cartilage equivalents, the cells are seeded into porous scaffolds and the cell/scaffold constructs are cultured in vitro in a bioreactor. 14, 15 Comparing to static cultures whereby chondrocytes tend to dedifferentiate, bioreactor systems provide superior mechanical stimuli and oxygen/nutrient transfer to promote chondrogenesis, ECM synthesis and cartilage growth. 16 , 17 Therefore, we have developed a rotating-shaft bioreactor (RSB) for two-phase culture of tissue engineered cartilage. 18 The RSB consists of a rotating shaft on which the chondrocyte/scaffold constructs are fixed and a reactor vessel with half space filled with medium. The horizontal rotation of the shaft results in alternating exposure of the constructs to gas and liquid phases, thus leading to efficient oxygen and nutrient transfer, as well as periodically changing, mild shear stress exerting on the construct surfaces. Culture of the constructs for 4 weeks leads to uniform cell distribution, enhanced glycosaminoglycans (GAGs) and collagen accumulation and formation of cartilage-like tissues. 18 Furthermore, transduction of chondrocytes with a baculovirus expressing the reporter protein (enhanced green fluorescent protein) obstructs neither chondrocyte differentiation nor the formation of cartilaginous tissues when the chondrocyte/scaffold constructs are cultured in the RSB. 19 In this study, we hypothesized that combining threedimensional (3D) culture in the RSB and baculovirusmediated growth factor expression could ameliorate the growth of cartilaginous tissues. Therefore, we genetically modified the rabbit articular chondrocytes with Bac-CB, a recombinant baculovirus expressing bone morphogenetic protein-2 (BMP-2), seeded the cells into poly (L-lactide-co-glycolide) (PLGA) scaffolds and cultured the constructs in the RSB for 3 weeks. To render the strategy compatible with autologous cell transplantation, we tested the possibility of utilizing serially passaged chondrocytes as the cell source. The formation of cartilaginous tissues from the transduced or mocktransduced constructs cultured in the RSB or in the dishes was assessed. The potential applications of our approach were also discussed.
Results
Effects of Bac-CB dosage and chondrocyte passage on BMP-2 expression Bac-CB was a recombinant baculovirus expressing BMP-2 under the control of cytomegalovirus (CMV) promoter. To determine how the BMP-2 expression level depended on Bac-CB dosage and chondrocyte passage, rabbit articular chondrocytes were isolated, serially subcultured to passage 1, 3 or 5 (P1, P3 or P5) and were transduced with Bac-CB at multiplicities of infection (MOI) of 25, 50, 75 and 150, respectively. The BMP-2 expression level was measured by enzyme-linked immunosorbent assay (ELISA) at 1 day post-transduction (d.p.t.). Figure 1 depicts that regardless of cell passage, the BMP-2 expression levels were dependent on the MOI and reached the plateau at MOI 50-75. The highest BMP-2 expression levels were attained at MOI 50 for 1 cells (580±50 ng ml
À1
) and at MOI 75 for P3 (1047 ± 76 ng ml
) and P5 (586 ± 30 ng ml
) cells, respectively. These data indicated that BMP-2 was expressed in a virus dosage-and cell passage-dependent manner.
Effects of Bac-CB dosage and chondrocyte passage on cellular differentiation Although P1 cells remained well-differentiated, their potential in autologous cell transplantation is limited because the cell number increased only two-to threefold from P0 cells (data not shown), as such serially passaged cells were desired. On the other hand, baculovirusinduced restoration of chondrocyte phenotype of the dedifferentiated P5 cells was ineffective, thus restricting its future application. Hence P3 cells were chosen for subsequent experiments.
Synergistic effects of RSB and Bac-CB transduction on the formation of cartilaginous tissues
To evaluate whether the combination of 3D dynamic culture environment and Bac-CB transduction synergistically enhanced the formation of cartilaginous tissues, 6 Â 10 6 mock-transduced and Bac-CB-transduced P3 cells (MOI 75) were separately seeded into PLGA scaffolds and cultured in the RSB or in the 100 mm culture dishes. The ELISA measurements ( Figure 3 ) delineated similar BMP-2 concentration profiles for the constructs cultured in the RSB and in the dishes, both reaching the maximum (E850-910 ng ml
À1
) at 1 d.p.t. and declining over time to below 20 ng ml À1 at 14 d.p.t. The mock-transduced constructs in both cultures expressed barely detectable BMP-2 at the indicated times (data not shown). These data indicated that BMP-2 expression was transient and was independent of the culture conditions. After 3-week culture, the diameter of the mocktransduced constructs in the RSB (n ¼ 9) grew from 6.4 ± 0.1 (at week 0) to 7.3 ± 0.3 mm (Figure 4a ). This construct growth was inferior to those of the Bac-CBtransduced constructs cultured in the dishes (Figure 4b ; 8.0±0.3 mm, n ¼ 9) and in the RSB (Figure 4c ; 8.1 ± 0.2 mm, n ¼ 9). Furthermore, the hematoxylin and eosin staining revealed localized distribution of cells in the mock-transduced constructs (Figure 4d ), indicating that RSB culture alone was insufficient to support The cells were mock-transduced or transduced by Bac-CB, seeded into poly(L-lactide-co-glycolide) scaffolds and cultured in the rotating-shaft bioreactor (RSB) or in the dishes as described in Figure 3 . After 3-week culture, the mock-transduced constructs cultured in the RSB (a and d), and the transduced constructs cultured in the dishes (b and e) or in the RSB (c and f) were photographed (n ¼ 9) and then sectioned for hematoxylin and eosin (H&E) staining (n ¼ 9). Representative photographs from three independent experiments (n ¼ 3 for each independent experiment) are shown. Bar ¼ 5 mm. Following photography, total RNA was extracted for RT-PCR analysis of collagen II, aggrecan and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes. Representative photographs from three independent experiments (n ¼ 3 for each independent experiment) are shown.
Baculovirus and RSB for cartilage engineering H-C Chen et al superior 3D cartilage growth. This conclusion contradicted our previous assertion that RSB supports the maintenance of chondrocyte phenotype and formation of cartilage-like constructs. 18 The discrepancy is ascribed to the difference in the differentiation states of the cells, as highly differentiated P0 cells were used previously 18 while partly dedifferentiated P3 cells are used here. Conversely, the transduced constructs cultured in the dishes resulted in the distribution of cells only in the periphery, but not in the interior (Figure 4e) , probably due to the limitation of nutrient and oxygen transfer to the construct interior in the static culture. Only when the transduced constructs were cultured in the RSB did they exhibit hyaline appearance (Figure 4c ) and uniform cell distribution throughout the tissue (Figure 4f) , thus highlighting the significance and advantage of combining Bac-CB transduction and RSB culture.
To assess the ECM deposition, the transduced and mock-transduced constructs cultured in the RSB were sectioned and stained with Masson's trichrome for total collagen and safranin O for GAGs, and were subject to immunohistochemical staining specific for collagen II. As shown in Figure 5 , although the mock-transduced constructs deposited some collagen and GAGs, they deposited barely detectable cartilage-specific collagen II. In contrast, the transduced constructs cultured in the RSB deposited apparently more abundant collagen, GAGs and collagen II. Furthermore, the transduced cells morphologically resembled the native chondrocytes as judged from the presence of lacuna (indicated by L; Figure 5 ), a characteristic structure commonly observed in native cartilages.
Gene expression and ECM production in the constructs cultured in the RSB
To attest the chondrocyte re-differentiation in the constructs cultured in the RSB, the expression of aggrecan, collagen II, collagen I (dedifferentiation marker) and collagen X (hypertrophic marker) in the mock-transduced and transduced constructs was detected by RT-PCR at weeks 2 and 3 (Figure 6a ). At week 2, the expression levels of aggrecan and collagen II were evidently heightened in the transduced constructs compared with the mock-transduced controls. Notably, the upregulation continued to week 3 despite the vanishing BMP-2 expression (Figure 3) , suggesting that the transient BMP-2 expression in conjunction with the Figure 5 Histochemical staining of constructs. The deposition of collagens and glycosaminoglycans in the Bac-CB-transduced and mock-transduced constructs was examined by Masson's trichrome and safranin O staining. The collagen II deposition was detected by collagen II-specific immunohistochemical staining. All mock-transduced (n ¼ 9) and Bac-CB-transduced constructs (n ¼ 9) were cultured for 3 weeks in three independent reactor runs. L, lacuna. The specific collagen yield in the mock-transduced and Bac-CB-transduced constructs cultured in the rotating-shaft bioreactor at weeks 2 (n ¼ 9) and 3 (n ¼ 9). (c) The specific glycosaminoglycans (GAGs) yield in the mock-transduced and Bac-CB-transduced constructs cultured in RSB at weeks 2 (n ¼ 9) and 3 (n ¼ 9). The cell number and the collagens and GAGs were quantified as described in Materials and methods to calculate the specific collagens and GAGs yield. All data represent the mean ± s.d. of three independent reactor runs.
Baculovirus and RSB for cartilage engineering H-C Chen et al dynamic culture environment imparted by the RSB initiated the re-differentiation program and maintained chondrocytic differentiation for at least 3 weeks. Accordingly, the collagen I expression at weeks 2 and 3 was barely detectable, indicating minimal dedifferentiation in the constructs cultured in RSB. Intriguingly, the collagen X expression in the transduced constructs at weeks 2 and 3 was upregulated, suggesting the hypertrophy induced by BMP-2 overexpression. The biochemical assays further depicted significantly more (Po0.05) collagen (E4-fold) and GAGs (E12-fold) deposited in the transduced constructs than in the mocktransduced controls after 2-week RSB culture (Figures 6b  and c) . Concomitant with the sustained upregulation of collagen II and aggrecan gene expression (Figure 6a) , the specific collagens and GAGs yield in the 3-week transduced constructs significantly (Po0.05) increased to 436±85 mg per 10 6 cells (E4-fold) and 933±175 mg per 10 6 cells (E4-fold), respectively. This again confirmed that baculovirus-mediated BMP-2 expression stimulated more rapid and abundant ECM deposition than the controls devoid of BMP-2 expression. These data collectively proved that the combination of RSB and Bac-CB transduction synergistically stimulated the formation of cartilaginous tissues from dedifferentiated chondrocytes.
Discussion
Although genetic modification of chondrocytes or chondroprogenitors via various nonviral or viral vectors has been reported, in general, nonviral vectors suffer from poor delivery efficiencies whereas viral vectors (for example adenoviral or retroviral vectors) raise safety concerns (for review, see Gelse and Schneider, 2 Cucchiarini and Madry, 3 Robbins and Ghivizzani, 6 Evans et al.
7
). In marked contrast, baculovirus mediates efficient gene delivery into articular chondrocytes. 13 Baculovirus neither replicates nor is toxic inside the transduced mammalian cells. 8 Baculoviral DNA degrades in the cells over time 13, 20 and there is no evidence of baculoviral DNA integration into host chromosomes in the absence of selective pressure. 21 These attributes minimize the potential side effects and ease the safety concerns. Furthermore, the large baculovirus genome confers a huge cloning capacity of up to 38 kb 22 and baculovirus can be propagated to high titers easily by infecting its natural host insect cells. 10 These advantages prompted us to exploit the potential of baculovirus-mediated gene transfer to modulate the differentiation status of chondrocytes and enhance ECM production. Bac-CB transduction conferred BMP-2 expression in a dosage-and cell passage-dependent manner. The maximum expression level attained using MOI 75 in monolayer P3 cells amounted up to E1047 ng ml À1 (Figure 1 ), which surpassed those achieved using adenoviral vectors in the mesenchymal stem cells (MSCs) (250 ng ml À1 at MOI 2500 23 ), human chondrocytes (117 ng ml À1 at MOI 800 24 ) and murine chondrocytes (74 ng ml À1 at MOI 800 24 ). This expression level was also higher than that using retroviral vectors in C3H10T1/2 micromass culture (o10 ng ml
À125
) and exceeded the levels (10 ng ml À1 ) required to exert therapeutic effects. 25 Such efficient BMP-2 expression triggered the re-differentiation of the dedifferentiated P3 chondrocytes in monolayer cultures (Figure 2 ). However, BMP-2 alone failed to support uniform 3D cartilage growth in the static culture (Figures 4b and e) . This was in line with previous observations that cartilaginous constructs in the static cultures often contain a hypoxic necrotic central region and dense layers of cells in the construct periphery. 26 The inhomogeneous growth is attributed to the lack of mechanical stimulation, which plays a decisive role in modulating the ECM synthesis 27 and the limitations in oxygen and nutrient transfer to the construct interior. Conversely, RSB culture alone was also insufficient to support the uniform cartilage growth from the dedifferentiated P3 chondrocytes without the BMP-2 stimulation (Figures 4a  and d) . These data highlighted the importance of both biological and mechanical stimuli for the cartilage growth. Accordingly, the combination of Bac-CB transduction and RSB culture gave rise to cartilaginous tissues with hyaline appearance (Figure 4c ), uniform cell distribution (Figure 4f ), dense deposition of cartilagespecific ECM ( Figure 5 ) and cartilage-specific gene expression profile ( Figure 6a) . As a result, the GAGs (933±175 mg per 10 6 cells) and collagen (436±85 mg per 10 6 cells) yield at week 3 ( Figure 6b ) excelled compared to those of cartilaginous tissues cultured in other reactors for longer periods of time. [28] [29] [30] [31] Cartilage repair can be accelerated by in vivo gene therapy, which is simple and effective. 32 However, efficient transduction of chondrocytes is hindered by the dense surrounding ECM and direct vector injection may elicit strong inflammatory responses, which interfere with the reparative process. 2 Another common approach involves the ex vivo gene transduction of autologous cells, followed by immediate encapsulation into a scaffold and implantation. 33 The ex vivo approach minimizes the unwanted immune responses but the cell/scaffold constructs devoid of cartilage ECM may have suboptimal mechanical properties to tolerate the mechanical loading in vivo immediately after implantation, which could impair subsequent tissue integration. 34 In addition, the cells transplanted into full-thickness defects may not remain for long time periods. 35 In contrast to repair approaches based on formation and maturation of new tissue in situ, the generation of cartilaginous tissues may be achieved by implanting a preformed graft. 2 Typically, tissue engineers employ bioreactors to culture the cell/scaffold constructs, hoping that the constructs grow into cartilage-like tissues prior to implantation. However, this approach takes exceedingly long time (usually longer than 1 month) and the resulting cartilaginous constructs are generally characterized by suboptimal structural and functional properties. 36 Although recombinant growth factors may be supplemented to modulate the cellular differentiation and accelerate the cartilage growth, the expensive growth factors render it less cost-effective.
In addition to previous approaches, Madry et al.
36
genetically modified primary chondrocytes via insulinlike growth factor-I cDNA transfection, seeded the cells into polymer scaffolds and cultured the constructs in the rotating wall bioreactor. Four-week culture of the constructs led to excellent GAGs (E110 mg per 10 6 cells) and collagen (E130 mg per 10 6 cells) yields and the formation of cartilage-like tissues suitable for Baculovirus and RSB for cartilage engineering H-C Chen et al implantation. Our study provided an alternative strategy to promote and accelerate the growth of cartilaginous constructs with further improved ECM yields, which could be attributed to the highly efficient baculovirus transduction and ensuing growth factor expression. Compared with the constructs immediately implanted following gene transfer, the RSB culture provides a defined dynamic environment for the growth of partially regenerated cartilaginous grafts with controlled mechanical strength, which might withstand higher mechanical loads in the defects and enable better tissue integration with adjacent cartilage. 34 Experiments to confirm this hypothesis and correlate the culture conditions/duration with tissue integration are underway.
Since baculovirus efficiently transduces naive MSCs, 37 our approach may also be applied to genetic modification and 3D culture of MSCs. MSCs have captured tremendous attention as a cell source alternative to chondrocytes and in vitro chondrogenesis of MSCs via the adenovirus-mediated BMP-2 expression and pellet culture has been demonstrated. 38, 39 In comparison with adenovirus, which results in cytotoxicity at high MOI 38, 40 and induces immune responses in vitro and in vivo, 2, 6 baculovirus is generally considered safe with barely detectable viral protein expression and negligible cytotoxicity in the transduced mammalian cells. 8, 10, 40 Therefore, one may transduce the MSCs with BMP-2-expressing baculovirus and culture the cell/scaffold constructs in the RSB to initiate chondrogenesis. Later in the differentiation stage, the cartilaginous constructs may be transduced with another baculovirus expressing another anabolic factor, followed by implantation to the defects. The expressed factor could promote the chondrocytic differentiation and accelerate the cartilage regeneration in situ.
It is well known that dedifferentiation of passaged cells constitutes a hurdle to autologous cell transplantation. Although culturing dedifferentiated chondrocytes in 3D scaffolds guides the re-differentiation, whether the dedifferentiated cells grow into uniform tissues remains to be investigated. As such, a distinguished feature of this approach is that the combination of Bac-CB transduction and RSB culture triggered the re-differentiation of dedifferentiated P3 cells and enabled ensuing generation of cartilaginous tissue. Since P3 cells permitted a cell expansion ratio of E12-fold (data not shown), the use of autologous cells is made possible with this approach. It is noteworthy that, although other growth factors such as transforming growth factor b1 41 and insulin-like growth factor-I 42 enhanced cartilage matrix production from P0 or P1 cells and promoted cartilage repair in vitro or in vivo (for review, see Trippel et al., 1 Cucchiarini and Madry, 3 Lieberman et al., 4 Huard et al. 43 ), the delivery of genes encoding either one of these two factors failed to pronouncedly reverse the dedifferentiation of P3 chondrocytes despite efficient transgene expression. 44 In this regard, BMP-2 may be a more potent inducer to restore the dedifferentiation. One possible problem regarding the use of BMP-2 is that the cells appeared to undergo hypertrophy, an indicator of terminal differentiation (Figure 6a ). The hypertrophy is ascribed to the Smad signaling pathway triggered by BMP-2 25 and may be circumvented by coexpressing BMP-2 and Smad 6, which downregulated collagen X expression. 45 Alternatively, melanoma inhibition activity, a regulator that promotes chondrocytic differentiation and inhibits osteogenesis when combined with BMP-2 or transforming growth factor b1, 46 may be coexpressed with BMP-2 to inhibit the hypertrophy.
In summary, this study highlighted the importance of both mechanical and biological stimuli in the growth of cartilaginous tissues from dedifferentiated cells and demonstrated, for the first time, that combination of baculovirus-mediated gene transfer and RSB culture synergistically enhanced in vitro creation of cartilaginous tissues. Since baculovirus transduction is generally considered safe, this approach may be used to modulate the differentiation states of chondrocytes or chondroprogenitors in a more cost-effective way than growth factor supplementation.
Materials and methods

Virus preparation
All media, reagents and chemicals were purchased from Sigma (St Louis, MO, USA) unless otherwise noted. The recombinant baculovirus expressing BMP-2 under the control of cytomegalovirus immediate-early (CMV-IE) promoter was constructed and designated Bac-CB. Specifically, the CMV-IE promoter was PCR-amplified from pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) and subcloned into pFastBac DUAL vector (Invitrogen). The full-length human BMP-2 gene was PCR-amplified from lambda U2OS-39 plasmid (ATCC no. 40345) and cloned downstream of the CMV-IE promoter. The recombinant plasmid harboring the BMP-2 gene was utilized to construct the recombinant Bac-CE using Bac-To-Bac system (Invitrogen). The recombinant virus was amplified by infecting Sf-9 cells grown in TNM-FH medium containing 10% fetal bovine serum. Virus supernatant was harvested and stored as described. 20 
Chondrocyte culture and virus transduction
Primary chondrocytes were isolated from the articular cartilages of 2-day-old New Zealand White rabbits as described previously, 13 plated onto T-150 flasks and designated P0. The cells were cultured using Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 2 mM L-glutamine, 1% penicillin/streptomycin/ amphotericin B (Biological Industries, Beit Haemek, Israel), and were serially passaged to new T-flasks upon confluence.
The chondrocytes were transduced as described 13 with some modifications. Briefly, the cells were seeded onto six-well plates (1 Â 10 6 cells per well) and cultured overnight. Prior to transduction, the cells were washed once with Dulbecco's phosphate-buffered saline (PBS, pH 7.4). Depending on the MOI, a certain volume of virus supernatant was diluted to 200 ml (per well) with TNM-FH medium and then mixed with 800 ml PBS. The transduction was initiated by directly adding the virus-PBS solution to the cells and continued by gentle shaking on a rocking plate at room temperature for 8 h. After the incubation period, the cells were replenished with 2 ml Dulbecco's modified Eagle's medium and incubated at 37 1C. The BMP-2 expression was determined at 1 d.p.t. using BMP-2 ELISA kits (R&D systems, Minneapolis, MN, USA). For transduction performed in the T-150 flasks, the volume of virus and PBS was enlarged according to the area ratio of T-150 flasks to six-well plates.
Three-dimensional culture
The third passage (P3) chondrocytes were mock-transduced or transduced by Bac-CB at MOI 75 on T-150 flasks and seeded into PLGA scaffolds (6 Â 10 6 cells per scaffold) at 1 d.p.t. The porous PLGA scaffolds (porosity E85%) were fabricated to disk shape (E6.4 mm in diameter, E3.5 mm in thickness) using a solvent casting/ particulate leaching technique, 47 sterilized with 70% alcohol and pre-wetted with fresh medium overnight prior to use.
The cell/scaffold constructs were transferred to the RSB for dynamic culture or to 100 mm dishes for static culture. The RSB consisted of a water-jacketed glass cylinder, a sealing cap assembly and a stainless shaft on which 22-G needles were soldered. 18 The mock-transduced and transduced constructs were positioned on the individual needles (eight constructs per reactor). 19 The RSB was oriented horizontally and then half of the reactor space was filled with E100 ml Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 50 mg ml À1 ascorbic acid and 1% penicillin/ streptomycin/amphotericin B. The reactor was operated in a perfusion mode (medium flow rate ¼ 0.2 ml min À1 , gas flow rate ¼ 20 ml min
À1
) with the shaft rotation speed maintained at 10 r.p.m. for 3 weeks. The rotation moved the constructs between gas and liquid phases in an alternating fashion for gas and nutrient exchange. The direction of rotation (clockwise and counterclockwise) was switched daily to grow a uniform construct. Half of the spent medium was replaced by fresh medium at 4, 7, 10 and 14 d.p.t. and measured for BMP-2 concentration using BMP-2 ELISA kits (R&D systems). For comparison, the BMP-2 concentration from the culture medium of mock-transduced constructs was measured.
For static culture, the constructs were placed in the 100 mm dishes (two scaffolds per dish) and cultured at 37 1C. Half of the spent medium (E12 ml) was replaced by fresh medium at 4, 7, 10 and 14 d.p.t. and measured for BMP-2 concentration. To compare the BMP-2 expression in the RSB and dishes, the ratio of the cell number to medium volume was identical (6 Â 10 6 cells per 12 ml) in both systems.
Reverse transcription-PCR
The differentiation status of chondrocytes was determined by analyzing the expression of aggrecan, collagen I, II and X genes by RT-PCR. Briefly, the chondrocytes on the six-well plates or within the cell/scaffold constructs were released by trypsin/EDTA or 1% collagenase treatments at 37 1C for 15 min. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and quantified spectrophotometrically. Approximately 2 ng of total RNA was used as the template for cDNA synthesis using the Omniscript RT Kit (Qiagen) and subsequent PCR (22 cycles). The sequences of the primer pairs for each gene are listed in Table 1 . The PCR products were subject to 2% agarose gel electrophoresis.
Analysis of tissue constructs
Construct samples for histochemical staining were fixed in neutral buffered formalin, embedded in paraffin and sectioned (8 mm thick). Sections were stained with hematoxylin and eosin for cell morphology, safranin O for sulfated GAGs and Masson's trichrome for total collagen. Construct sections were also de-paraffined and further rehydrated for collagen II immuno-staining. The sections were treated with 2% H 2 O 2 and 0.1% pepsin, blocked with 2% bovine serum albumin for 1 h and then reacted with the primary antibody (goat anti-human collagen II, 1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at room temperature for 2 h. After washing, the sections were incubated with biotinylated secondary antibody (rabbit anti-goat IgG, 1:250 dilution; Santa Cruz Biotechnology) at room temperature for 1 h. Finally, horseradish-peroxidase-conjugated streptavidin (Vectastain ABC kit; Vector Laboratories, Burlingame, CA, USA) was added for incubation at room temperature for 30 min. The presence of collagen II was visualized using the DAB Substrate kit (Vector Laboratories).
Biochemical analysis of GAGs and collagens
Construct samples taken from each independent bioreactor run were photographed, frozen, lyophilized and digested by papain. An aliquot of the digested sample was mixed with Hoechst 33258 and the amount of DNA was measured fluoremetrically three times. The number of chondrocytes per construct was calculated from a standard curve generated using known amounts of rabbit chondrocyte DNA. The GAGs in the tissue constructs were quantified three times by mixing the papain-digested samples with 1, 9-dimethylmethylene blue and reading the absorbance at 525 nm, with bovine trachea chondroitin sulfate as the standard. 48 Total collagen content was determined three times spectrophotometrically from hydroxyproline concentration after a All the primers were designed to target the genes listed in Gene Bank Database and the corresponding associated numbers are listed.
Baculovirus and RSB for cartilage engineering H-C Chen et al acid hydrolysis (6 N HCl for 18 h at 115 1C) and reaction with chloramines-T and p-dimethylaminobenzaldehyde, using a hydroxyproline to collagen ratio of 1:9. 49 
Statistical analysis
Data were analyzed using Independent Samples t-tests. All data are expressed as means±standard deviations (s.d.) of three independent experiments, and Po0.05 was considered significant.
